NaClKClTiCl x was prepared via using titanium sponge to reduce titanium tetrachloride in a NaClKCl melt under a negative pressure at 1023 K. The relationship between titanium valence states and [F]/[Ti] molar ratios was investigated with successive adding potassium fluoride in the pre-prepared NaClKClTiCl x . It was found that the average valence of titanium ions tended to be stable around 3.0 when [F]/[Ti] molar ratio was greater than 1.80. The equilibrium redox potentials, E Ti 3þ =Ti 2þ , E Ti 4þ =Ti 3þ , E Ti 3þ =Ti and E Ti 2þ =Ti , were also calculated through the obtained concentration of equilibrium titanium ions with different molar ratios of [F]/ [Ti]. Meanwhile, the influence of the fluoride anion on over-potential and characteristics of titanium electrodeposition were investigated through changing the molar ratio of [F]/ [Ti]. The results showed that, with the increasing of [F]/[Ti] molar ratios, the grain size of electrodeposition products became smaller, while the over-potential was higher.
Introduction
The electrodeposition of titanium from molten salts has been extensively investigated over past decade. 13) Normally, there are two kinds of soluble titanium ions (Ti 3+ , Ti 2+ ) in molten salts which can result in the disproportionation reactions to lowering current efficiency, or forming of metallic mud on the cathode. So far, the electrodepostion of titanium in molten salts has been mostly focused on molten chlorides electrolytes. Some of literatures have reported that the electrodepostion of Ti in chloride melts could be changed with adding fluoride.
411) For the chloride-fluoride system, most of works employed tetravalent titanium as solute (K 2 TiF 6 in LiClKCl, NaC1KC1, or NaCl). The literature results indicated that the cathodic process of titanium ions in such melts mainly consisted of two steps: TiF 6 2¹ + e ¹ = TiF 6 3¹ and TiF 6 3¹ + 3e ¹ = Ti + 6F ¹ . The decisive role played by the parameter F/Cl in controlling the electro-refining process was confirmed by N. Ene etc. in fluoridechloride melt. 6) They present additional finding regarding its influence on the electrochemical parameters, E d and E p , the current efficiency, the morphology as well as the chemical purity of the electrodeposited titanium. The morphology of the cathodic deposit is mainly determined by the concentration of free fluoride anions in the melt. The factors including electrodeposition temperature, electrodeposition time and the current density on the effect of micrograph were investigated in NaClKClLiClK 2 TiF 6 melt, 7) LiF NaFKFK 2 TiF 6 melt, 12) KClNaClKTiF 6 melt.
13)
However, it is necessary to know the influence of the fluoride anion on electrodeposition characteristics in the electrolyte beginning with low valence states of titanium. This work is going to demonstrate the behavior of the oxidation states of titanium, Ti 2+ and Ti
3+
, with an addition of potassium fluoride in the melt. The work is also presenting the results related to the electrorefining of titanium in a melt of chloridefluoride.
Experiment Details

Preparation and purification of the melt
The mixture of NaClKCl (analytical grade) was dried under vacuum for more than 10 h at 573 K to remove moisture. Then, it was heated up to 1023 K under high purity argon atmosphere. The temperature controlled within «2 K was achieved with a digital temperature controller (CHINO DZ3000; CHINO Corporation, Tokyo, Japan) and measured using a K-type thermocouple (Omega Engineering, Inc., Stamford, CT). Schematic diagram of experimental setup can be seen in Fig. 1 .
Hydrogen chloride gas (99.999 pct.) was bubbled into the melt to remove oxide ions. And then, high-purity Argon gas was bubbled into the melt to remove remanent HCl, oxygen and water. After melting the salts, pumped the system to vacuum of 0.5 Pa, then, liquid state of TiCl 4 (AR) was slowly taken into the crucible to react with sponge titanium:
The influence of fluoride anion on the equilibrium among titanium ions was investigated by addition of potassium fluoride into the supporting electrolyte. It was dehydrated and pre-melted at 573 and 1173 K, respectively. After each addition, HCl gas was bubbled into the melt to remove oxide ions, then, high-purity argon gas was used to stir the molten salts for making the reaction of titanium ions and titanium metal fast. 
Concentration determination of titanium ions
It should be mentioned that the oxygen dissolved in an aqueous solution could oxidize titanium ions from Ti 2+ into Ti 3+ , which may cause an underestimate of the concentration of Ti 2+ ion. Therefore, the deionized water was treated by a vacuum degassing and fully cleaned by the high purity Ar. A certain amount of concentrated hydrochloric acid was injected into the deoxygenized water to prepare diluted hydrochloric acid (1 mol/L). The deoxygenized hydrochloric acid solution was saturated by bubbling high purity H 2 for 30 min in order to prevent the H 2 evolved by the reaction 2 from dissolving in the hydrochloric acid solution.
It should also be pointed out that the concentration of Ti 3+ in the solution consisted of two parts, that were, the initial trivalent titanium ions in the sample and the oxidized Ti 3+ ion from reaction 2. The total concentration of Ti 3+ in the solution was determined by the titration using 0.05M NH 4 in the solution should consist of two parts after the samples were dissolved in hydrochloric acid then oxidized by concentrated nitric acid, which were the parts of oxidized from Ti 3+ and the initially existed actually. At this point, the concentration of Ti 4+ existing in electrolyte is calculated with eq. (4):
Electrochemical deposition
Titanium deposition experiments were carried out using constant current technique and the supporting electrolyte was pre-prepared based on above conditions at 1023 K. Two titanium plates (50 mm © 25 mm © 5 mm) and a high purity titanium plate (35 mm © 15 mm © 5 mm) were employed as anodes and cathode, respectively. 8) A series of electrodepositing tests were performed to investigate the influence of the concentration of fluoride anion on the quality of the cathodic product with keeping the anodic and cathodic current density ( j a and j c ) as 0.1 A/cm ¹2 and 0.3 A/cm 2 , respectively. The cleaned cathodic products were chemically analyzed after leaching with 1 mol/L hydrochloric acid solution. The morphology was observed by using scanning electron microscope (Japan, JSM-6360). , Ti 4+ and metallic titanium in chloride melts which can be expressed by the following reaction:
The determinate concentration of titanium ions are expressed as x i , where x i is the molar fraction of a species i, which is a cationic molar fraction defined by the eq. (7):
The results shown in Table 1 As we know, titanium ions can form a variety of complex compounds in the molten salt with anions, and the complexation power of fluoride anion with titanium is more force than chloride anion. In such melts, the complexes containing fluoride anion and titanium ions are formed: 13) such as:
The concentration of Ti 2+ is drastically lessened with the addition of potassium fluoride, which mainly causes of the migration of the balance to the direction of generating Ti 3+ ion in disproportionation reaction (5) . Figure 2 shows the average valence of titanium in the melt. It can be found that the average valence is 2.21 before adding To further clear the effect of adding of fluoride anion on titanium ions transformation in molten salt, the detail investigation has been done with the equilibrium constant. The equilibrium constant of the reactions (5) and (6), K ci , is given by the eqs. (8) 
Where a i and £ i are the activity and the activity coefficient of a species, i, respectively. £ i can be regarded as a constant when x i is low because it obeys the Henry's law. 14, 17) Therefore, the equilibrium constant can be modified as: The results demonstrate that the initial balance of titanium ions has been broken after adding potassium fluoride. The ionic balance between Ti 2+ and Ti 3+ disappears when the value of [F]/[Ti] molar ratio across the red dot line (higher than 1.8). And then, the disproportionation reaction (6) dominates the concentration converting in the melt.
The results shown in Fig. 3 discloses that the equilibrium constant of K To achieve the aim of proclaiming the regular pattern among titanium ions for further, the equilibrium redox potential is introduced in present work. The equilibrium potentials could be calculated with the well-known expressions (12) and (13): 18) could also be calculated with the same method. The equilibrium potentials of various redox couples list on the curves in Fig. 4 
The influence of the fluoride anion on electrodeposition characteristics of titanium was investigated. The average diameter, d m , the metallic powder grains may be described by eq. (14), 19) where m 1 , m 2 + m n denote the sieve mesh and p 1 , p 2 + p n the weights of various grain size fractions. 20) The morphology is affected by the nucleation and the crystal growth. There are two competitive factors governing the growth of the deposit responding the nucleation current (I n ) and the growth current (I g ). The relationship between 
It is easy to find that the crystal diameter lessens with the over-potential increasing. Depending on the solvent nature, the weaker TiCl bond is replaced by stronger TiF bond after adding fluoride anion, which results in over-potential of titanium ion electrodeposition increasing. Figure 7 indicates the relative results.
Conclusions
The behavior of the oxidation states Ti 2+ and Ti 3+ has been investigated with adding of potassium fluoride into the chloride melts. It is found that the average valence of titanium ions tends to be rising up to 3.0 when [F]/[Ti] molar ratio is greater than 1.80. The equilibrium redox potential has also been calculated with the determinate equilibrium concentration of titanium. Meanwhile, the influence of the fluoride anion on over-potential and characteristics of titanium electrodeposition was investigated. The results discloses that the grain size of electrodeposition products becomes smaller, and the over-potential turns to higher with the increasing of [F]/[Ti] molar ratio. 
